This paper presents an integrated method for identifying and inserting valuable flexibility into major projects. It builds upon recent work that (1) documents how errors in estimates can bias the selection of design concepts, (2) shows how concept flexibility can improve the project performance, and (3) usefully illustrates the probability distribution of outcomes. It involves: (1) developing and evaluating a base case design, (2) exploring the outcomes this design might generate, (3) identifying opportunities for flexible design, and (4) evaluating and selecting the most valuable flexibility to incorporate into the design. It embodies a paradigmatic change in the way designers deal with uncertainty: instead of basing a design on fixed assumptions and then testing its sensitivity to risks, the approach recognizes risks in the design process and thereby develops valuable flexibility that increases the expected value of projects. A case study of an oil platform development in the Gulf of Mexico demonstrates the method.
Introduction
Standard Design Process Leads to Losses. As observed in practice, the standard approach to the design of major development projects is a deeply technical process that focuses on the highly complex physical arrangement of the system. Indeed, the major elements of the platform, the risers, the tiebacks, and so on can be combined in literally millions of ways, sizes, and locations at different times.
Both to simplify this process, and because physical design focuses on engineering, the usual approach assumes that major parameters are known. Most obviously, the design process normally takes the price of oil as given; in fact, senior management typically requires that designers across the company all use the same value for oil in their evaluations.
Equally important, the design process typically works with a best estimate of the original oil in place (OOIP). In short, the standard approach to design is a technical process that generally does not explore in detail the consequences of the major variations in two of the prime drivers of value of any project.
The actual conditions that prevail, however, almost never equal point forecasts that have been assumed for design, whether one refers to the price of oil, the amount in the reservoir, the time and cost of construction, etc. The general rule, as demonstrated by experience in many fields of design, is that the "forecast is 'always' wrong" as demonstrated by observation of the discrepancies between prior point estimates and subsequent reality (de Neufville and Odoni 2003) . Note that this fact is not inconsistent with the notion of a most likely estimate, which represents a balance between the possible upside and downside values of a parameter. A 'most likely' set of parameters may correctly represent some middle or average value and yet be unlikely to occur in practice.
Flexibility Has Value. As Begg et al. (2002) demonstrate
for the case of oil and gas investments, we can improve significantly on the standard process by building flexibility into the system. We can do this by proactively managing the uncertainties in the process, specifically by designing in the appropriate opportunities to react appropriately to the actual circumstances that develop. For example, if we build a platform that is designed to enable the use of additional wells, then we can expand production-and increase value significantly-if the field proves to be richer than anticipated. This flexibility has the further advantage of permitting the design to be initially smaller (and thus less expensive and less vulnerable to losses) than it might otherwise be if it were initially built to exploit a possible, but not definite, larger field. is, a cumulative plot directly indicates the percent of a phenomenon or outcome that is above or below any specified cut-off level.
Cumulative distribution curves are widely used in the financial community, where they are called Value-at-Risk (VAR) curves. The practice is to highlight the cumulative amount less than a reference value-that is, to emphasize the possible losses, the Value-At-Risk. As can be imagined, bankers are mostly concerned with getting their money back and hence focus on possible losses. The VAR curves thus slope from bottom left up to the upper right. The curves used by Hayashi et al. (2007) , in keeping with practice among petroleum geologists, implicitly emphasize possible gains, and thus slope from upper left to lower right; otherwise the curves are identical in concept. Jablonowski et al. (2008) use VAR curves without using that name.
In design practice, it is becoming increasingly common to think about these curves in terms of Value-At-Risk-andGain (VARG). This is because system designers are Similarly, examination of the circumstances that might lead to greater gains can help identify other kinds of flexibility that would enable managers to get the most value from the field.
Proposed Method
The proposed approach is an outcome of long-term work Pragmatically, some of the uncertainties will have little effect on value and can be dealt with as averages, whereas others will affect value significantly and should be handled probabilistically. The uncertainties might include, in addition to obvious factors such as the price and quantity of oil, other parameters such as expected watercuts, construction costs, etc. This step produces a distribution of performance of economic value for any chosen set of design parameters and evolution of uncertainties. The results can then be plotted in cumulative distribution curves such as the VARG.
3.

Identification of Opportunities for Flexible
Design. The analysis of the VARG or other cumulative distribution curves, coupled with expert knowledge of the system, can be used to identify possible design combinations that offer means either to mitigate downside risks, or to take advantage of upside opportunities. These flexible design combinations can then be valued. To do so, it is necessary to modify the basic model of value to include effect z t (x t ) of exercising, making use of the flexibility at appropriate times-for example when the price of oil is high. This model can be thought of as g(x t, z t (x t ), y). Note that this step requires the specification of the decision rules for exercising the design option, and that these presumably vary over time-for example, the decision to develop additional wells when the price of oil is high is likely to depend on how long a field has been in production and how much oil is left.
4.
Selection of the Most Valuable Flexibilities.
The design team will need to make design choices based on multiple criteria. Expected or average economic performance is unlikely to be a sufficient criterion of selection, because projects with similar Expected Net Present Value (ENPV) can have quite different risk profiles and levels of original capital expenditure (CAPEX).
Because the analysis explicitly considers uncertainties from the start, the evaluation can and should consider the measures of value associated with these distributions. Indeed, the VARG or similar distribution curves not only embody estimates of the ENPV of a project, but also measures such as the minimum and maximum values for the project (which will be of interest to risk-averse financing groups and investors). The analysis can compare these returns to the different amounts of CAPEX and obtain the resulting benefit-cost ratios associated with each design.
This 4-step process provides designers with a practical procedure for incorporating the greater understanding that researchers and practitioners have been developing about the costs of designs based on fixed (and inevitably inaccurate) assumptions, the value of flexibility, and the desirability of presenting evaluation in the form of distributions. As we collectively gain more experience in working with these issues, we can expect that practice will indicate many improvements that should be made to the process.
The goal is both to increase the expected value of the design through the incorporation of flexibility and to reduce the risk of a project, particularly against catastrophic or unacceptable losses. This definition of the vision embodies two points that deserve emphasis. The first recognizes that we operate in an uncertain world, and that the outcomes of designs are probabilistic. In that context we can only properly speak of expected values of distributions, hence the stress on "expected value of the design". The second point is that flexibility is the way that system managers can manage uncertainties effectively over time, and that incorporating the right kinds of flexibilities is the key to increasing the value we can deliver through project design.
The procedure also seeks to improve the decisionmaking process by transparently revealing the implications of uncertainties. This process, and the associated VARG and other devices, make the choices clearer and thus help designers better understand their choices and associated risks.
To describe and validate the proposed procedure, we present a specific development of platforms in the Gulf of Mexico. To protect corporate confidentiality, the specific details are masked. However, the overall presentation, accurately represents the essential features of the project.
Case Study
Background. The case concerns two oil fields in over 100 meters of water in the Gulf of Mexico. We refer to them as "Sample" and "Rother." A seismic survey discovered them in the initial exploration phase. The company drilled an exploration well four years later and appraisal wells seven and nine years after that.
As could be expected, the results from the appraisal wells were ambiguous. The first exploration well at Step 1: Development and Validation of Basic Economic
Model. This step creates the economic model to value the standard, base case design (8 DVA wells with 5 subsea tie backs). A discounted cash flow analysis estimates the NPV. The model incorporates key design elements for cost, sources of uncertainty, and decisions to be made, as As Fig. 1 shows, the most likely estimates of oil for the Sample and Rother fields are 150 and 100 MMBO, respectively, based on a 32% recovery factor. Using these amounts as the deterministic forecast for production Step 2: Exploration of the Range of Outcomes Base Design Might Generate. This step develops probability distributions of the possible actual outcomes associated with uncertainties in the parameters being examined, using the best information available at the time of design. In this case, this consists of the probability mass functions of the oil in place ultimately recoverable (Fig. 1) .
In general, it is necessary to develop probability mass functions that combine individual assessments of uncertainty. In this case, the analysis needs to combine the distinct information on each field. For simplicity, it is assumed that the OOIP in each field can be treated as an independent random variable, that is, that the reservoirs are not connected. The probability tree in Fig. 3 shows the possible outcomes for production of both fields combined with associated probabilities. The numbers on the rightmost column show the probability of a particular outcome, and the associated total oil produced. For instance, the topmost path shows a 0.12 probability of producing 80 MMBO from Sample, 100 MMBO from Rother, for a combined production of 180 MMBO. The probability mass function for the combined production consists of the sum of the probabilities of any particular outcome. For example, there are three combinations of OOIP in the Sample and Rother fields that lead to a combined production of 300 MMBO. The probability of that production is the sum of the individual probabilities of these combinations; that is, 0.335. Fig. 4 displays the resulting probability mass function for the combined oil reserves.
Note that while the case deals with discrete probabilities, the approach can be extended to continuous probability distributions. Moreover, commercially available software facilitates the task of fitting distributions to desired ranges and parameters of the distributions.
The analysis recognizing uncertainly in the OOIP leads to a different valuation and expected production than the deterministic analysis. In this case, the analysis generates an ENPV, in the sense that it is the probabilistically weighted average of the outcomes, of $22,935M as Fig. 5 illustrates, with an expected production of 281.5 MMBO for the basic inflexible design. This contrasts with the NPV of $20,639M and production of 250 MMBO generated by the deterministic analysis. These higher values are due to the fact in this case that the probability mass function is skewed towards higher values than the deterministic estimate of 250 MMBO.
Step 3 The capability to expand production easily can be obtained by designing extra DVA and SS well slots in the TLP so additional wells can be added when desirable. In general, the analysis would consider various combinations to find the optimum solution. It could also explore the possibility of exercising the option to expand production capacity at several different times and increments.
For brevity of presentation, this analysis proceeds directly to a much-improved design. The flexible design considered here adds two extra DVA and two extra SS well slots to the base case design. It also assumes that the decision to expand is only taken once (which seems realistic due to the cost of mobilization), five years after production operations start. The overall idea is that, as the uncertainty in OOIP gradually resolves over time, management may decide to exercise the option to add the direct vertical access and sub-sea wells. When conditions are suitable, this decision will increase production capacity, revenues, and hence the project ENPV.
Step 4 Decision-makers do not decide on averages alone.
They are also interested in the variation of returns. The VARG charts illustrate the range of outcomes. The data used to develop these curves also provide other valuation metrics, as Table 2 shows. Decision-makers in the first instance might choose a design that limits downsides (minimum achievable NPV) or exploits the upsides (maximum NPV). They will also want to compare the initial capital expenditure (CAPEX) associated with alternative designs. Table 2 compares these metrics for the case study and indicates how each metric ranks the alternative designs. In general, as here, no design can be expected to be unambiguously better on all counts.
To account for oil price uncertainty, the 4-step analysis was repeated using different oil prices, specifically ± $5/barrel from that assumed, that is, prices of $10/barrel and $20/barrel. The ENPV for the inflexible and flexible designs were found for each price scenario, and the value of flexibility is the difference between the two. Using an assumed distribution of possible forward oil prices at the time of the initial evaluation in the 1990s, Table 3 summarizes the expected values of the alternative designs and of the flexibility to add extra DVA and SS wells.
Comparing the expected value of flexibility ($1,712M) with the cost of enabling the flexibility by adding the additional DVA and SS slots ($34M, the difference between the two initial CAPEX in Table 2 ), it is clear that the investment in flexibility is really worthwhile. This single flexibility increases overall expected value by approximately 7% in this case. As Table 4 shows, the ENPV value of the flexibility in this case is fifty times its cost!
Conclusion
This paper presents a practical integrated design method for increasing the ENPV of a project. The essence of this approach is that it provides a procedure to explore the impacts of the uncertainty of major variables during the design, not afterwards, as generally done. This process enables designers to identify valuable opportunities to manage uncertainty and increase the overall value of the project. These opportunities consist of flexibilities designed into the system.
As this case and other examples indicate, flexibility can increase value significantly. In this instance, a single kind of flexibility led to about 7% improvement. In other situations, involving more and more complex kinds of flexibilities, total improvements in value were in the range of 20% or more (Hassan et al. 2006; de Neufville et al. 2008 ). This potential should not be ignored.
The concept of systematically recognizing uncertainties early in the design and then of identifying and inserting flexibility in design thus needs to be adopted. This signals a paradigmatic change in the design process. As such, it will be difficult-old habits die slowly. The proposed process should be generally applicable to many fields of design. While this presentation and case study concerns the development of oil fields, there is nothing in the process that limits its applicability to a specific field. Designers in any field should be able to increase the value of their projects by considering future uncertainties early in the design, and by incorporating means of adapting to future realities early as they unfold.
As regards the development of oil fields in particular, researchers and practitioners need to develop computationally efficient procedures for carrying out the kind of analyses outlined above. The essential issue is that, when we consider distributions of parameters, we greatly expand the size of problem to be explored. To get around this problem, our team and others are working on the use of "screening models", that is, simplified models that can be used for preliminary explorations of possible designs. 
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